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Association of echocardiographic left 
ventricular structure with the ACE D/I 
polymorphism:  a meta-analysis

Yu Jin1,  Tatiana Kuznetsova1, Lutgarde Thijs1,  Tom Richart1,2, 
Katarzyna Stolarz-Skrzypek1,3,  Yanping Liu1,4, Robert Fagard1, 
Paolo Manunta5, Giuseppe Bianchi5 and Jan A Staessen1,2

Abstract
Introduction: In a previous meta-analysis, we derived pooled estimates for the association of left ventricular mass (LVM) 
and hypertrophy (LVH), as diagnosed by electrocardiography or echocardiography, with the ACE D/I polymorphism.  We 
updated this meta-analysis until May 2009 only considering echocardiographic phenotypes.
Methods:  We computed pooled estimates from a random-effects model.
Results: Across 38 studies, both DD homozygotes (n � 2440) and DI heterozygotes (n � 4310) had higher (p � 0.002) LVM 
or LVM index than II homozygotes (n � 2229). Across 21 studies with available data, this was due to increased mean wall 
thickness (MWT) with no difference in left ventricular internal diameter (LVID). Standardised differences (DD versus 
II) were 0.39 (p � 0.001) for LVM, 0.34 (p � 0.009) for MWT, and 0.066 (p � 0.26) for LVID. Across 16 studies (4894 
participants), the pooled odds ratios of LVH (versus II homozygotes) were 1.11 (p � 0.29) and 1.02 (p � 0.88) for the DD 
and DI genotypes, respectively. Sensitivity analyses were confirmatory.
Conclusions: Our meta-analysis supports the hypothesis that the enhanced ACE activity associated with the D allele is 
associated with higher LV mass. Smaller sample size might explain the lack of significant association with LVH.
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ACE, echocardiography, left ventricular geometry, left ventricular mass, meta-analysis

Article

Introduction
Left ventricular hypertrophy (LVH) is a risk factor for car-

diovascular morbidity and mortality. Studies in twins1,2 and 

populations3–6 showed that left ventricular mass (LVM) is 

under genetic control. Heritability estimates ranged from 

30% to 70%.1–6 The angiotensin-converting enzyme (ACE) 

deletion/insertion polymorphism (D/I) is among the geno-

types most frequently studied in relation to LVM, because 

compared with the II genotype circulating7,8 and tissue9 

ACE levels are highest in DD homozygotes and intermedi-

ate in DI heterozygotes. Moreover, drugs are available to 

interfere with the increased activity of ACE.

LVM is a continuous trait influenced by complex inter-

actions between genetic, environmental and lifestyle 

factors. It is therefore not surprising that studies of the asso-

ciation between LVM and the ACE D/I polymorphism 

reported divergent results. In a previous meta-analysis,10 

we derived pooled estimates for the association between 

LVH and the ACE D/I polymorphism. We found that in 

untreated hypertensive patients LVM was higher in DD 

than in II homozygotes. In view of the discrepancies in the 

literature and the possibility of pharmacological interven-

tion based on genotype, we updated this meta-analysis until 

May 2009. To remove variability in the phenotype of inter-

est, for the current study, we only considered echocardio-

graphic measurement of LVM.
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Methods

Literature search

We identified original research papers, reviews and edito-

rial comments by systematically searching the table of con-

tents (until May 2009) of general-interest and speciality 

journals that publish research on the association of left ven-

tricular structure and genetic variants. We searched the 

PubMed database (http://www.ncbi.nlm.nih.gov/sites/entrez) 

for publications in English or with English abstracts. 

Starting from the preview/index tab, we chose as search 

terms for titles and abstracts: ‘ACE’ or ‘angiotensin- 

converting enzyme’ AND ‘gene’ or ‘variant’ or ‘allele’ or 

‘polymorphism’ AND ‘left ventricle’ or ‘left ventricular 

mass’ or ‘cardiac’. We searched the reference lists of relevant 

publications.

Selection criteria

To be eligible, studies had to meet all positive selection cri-

teria. The reports had to include a minimum of 50 subjects 

with at least one of the following echocardiographically 

measured traits: LVM, left ventricular mass index (LVMI) 

indexed to body surface area (BSA) or height, left ventricu-

lar end-diastolic diameter (LVID), mean wall thickness 

(MWT) or LVH as a dichotomous trait. Eligible articles had 

to provide sufficient information to extract or compute for 

each ACE D/I genotype the number of subjects, the mean 

and standard deviation (SD) of continuous left ventricular 

traits, number of subjects with and without LVH. Such 

information should be available for all study participants or 

for subgroups. Eligible studies were cross-sectional studies 

of population samples or selected groups of patients, volun-

teers, healthy subjects, athletes, or had a case-control design.

We excluded from our systematic review studies that 

involved non-echocardiographically measured phenotypes, 

such as electrocardiographically defined LVH or LVM 

assessed by magnetic resonance imaging (MRI). We disre-

garded studies in patients with specific disorders, such as 

hypertrophic cardiomyopathy, aortic valve stenosis, myo-

cardial infarction, renovascular diseases, or renal dysfunc-

tion. We also excluded data based on follow-up studies 

testing pharmacological interventions according to ACE 

D/I genotype, as well as repeated data.

Data extraction

The articles were ordered by year of publication and the 

name of the first author, given a unique identification num-

ber, and entered into a dedicated literature database, using 

Reference Manager, version 12.0.1 (Thomson Reuters; 

http://www.refman.com). One investigator (YJ) read all 

papers, extracted and computerised the relevant informa-

tion, and provided copies of the papers to the senior author 

(JAS), who checked the data extraction and summary sta-

tistics. Disagreements were resolved by discussion.

For all studies included in this review, the following 

information was retrieved: source of recruitment, ethnicity, 

sex, age, percentage of patients with hypertension, treat-

ment status with regard to hypertension, the allelic and 

genotypic frequencies of the ACE D/I polymorphism, and 

LV phenotypes according to ACE D/I genotypes. Whenever 

possible, these results were extracted separately for women 

and men. Conversely, when the articles reported results by 

subgroups, we computed overall results for all subjects 

combined in one publication.

The methodology of ACE genotyping was considered as 

a possible confounder in the statistical analysis. ACE geno-

typing may rely on the plain amplification of DNA7,11 or on 

the amplification in the presence of 5% dimethyl sulfoxide 

(DMSO)12,13 and/or insertion-specific primers.14 Papers in 

which specific primers had been used were contrasted with 

the remainder of the reports. We also graded each article 

according to the impact factor of the journal at the time of 

publication.15 For journals not listed at the time of publica-

tion in the Institute for Scientific Information database 

(Thompson Reuter), we used the impact factor of the year 

closest to the date of publication.

Flemish Study on Environment, Genes and Health 
Outcomes

We also included data from the Flemish Study on Envi-

ronment, Genes and Health Outcomes (FLEMENGHO). 

The Ethics Committee of the University of Leuven approved 

the FLEMENGHO study.16,17 From August 1985 until 

December 2005, we recruited a random sample of families 

from a geographically defined area in northern Belgium. We 

invited 652 participants for a follow-up examination, which 

included echocardiography, of whom 553 gave written 

informed consent (participation rate, 84.8%). We excluded 

48 patients with cardiac disorders, 26 subjects with echocar-

diograms of insufficient quality, and 12 with missing geno-

types. Thus, the number of FLEMENGHO subjects included 

in the current meta-analysis was 467.

Statistical analysis

We used SAS software (SAS Institute Inc., Cary, NC, USA) 

for entering extracted data into a manageable database and for 

subsequent statistical analysis. We expressed the central ten-

dency and spread of continuous variables as mean and stan-

dard deviation, respectively. LVM was varyingly reported in 

absolute units LVM (g/m2) or indexed to BSA (g/m2) or body 

height (g/m or g/m2). To assess between-group differences 
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independent of the unit of measurement, we computed the 

mean standardised difference by subtracting the mean value 

of the trait of interest in II homozygotes from the correspond-

ing mean in DD homozygotes or DI heterozygotes and by 

dividing this difference by the common across-group stan-

dard deviation. For studies with LVH as outcome, we com-

puted odds ratios for the DD or DI genotypes versus II 

homozygotes. We used a random-effects model as imple-

mented in the PROC MIXED procedure of the SAS package 

and the method of moments to compute pooled associations 

of continuous left ventricular traits with the ACE genotypes 

and pooled odds ratios, as described by Normand.18 We 

assessed the null-hypothesis of homogeneity across individ-

ual studies by the Q test.18 Pooled estimates were weighted by 

the inverse of the variance in individual studies.

We evaluated the influence of individual studies on 

pooled effect sizes by excluding one study at the time 

according to Tobias’ method.19 If the point estimate of the 

combined effect size with one study omitted lies outside the 

confidence interval of the overall estimate with all avail-

able studies contributing, then the study in question has an 

excessive influence. In a further sensitivity analysis, we 

calculated the pooled effect size of LVM or LVMI or odds 

of LVH in different subgroups. Moreover, we computed the 

pooled odds of LVH of the D versus I allele. We tested for 

publication bias, using the methods described by Egger 

et al.20 In addition, we plotted the association size (continu-

ous variables) or the natural logarithm of each study’s odds 

ratio (LVH) against the logarithm of the sample size. If 

there is no publication bias, such plot must produce a fun-

nel shape (funnel plot), because the points scatter around 

the true pooled value with the scattering narrowing as the 

sample size increases. We used a χ2-statistic to compare 

allelic frequencies between races. All p values are for two-

sided tests.

Results

Computerised database

The flow chart (figure 1) summarises the results of our lit-

erature search and the inclusion and exclusion of studies. 

Using the search terms outlined in the methods, the PubMed 

database generated 831 hits. After reading the abstract, we 

excluded 752 studies because they were out of focus, and 

21 because they involved patients with specific diseases, 

such as hypertrophic cardiomyopathy, aortic valve stenosis, 

myocardial infarction, renovascular disease, or renal dys-

function. We did a full paper review of 58 studies. We 

excluded 16 studies, because all required information was 

not available (n � 8), or because LVM was assessed non-

echocardiographically (n � 8). In addition to the studies 

retrieved from the literature search, we also included our 

own FLEMENGHO study.16,17

Of the 43 studies included in our meta-analysis,16,21–62 five 

were population-based,16,21–24 25 included pati ents,25–49 five 

were case–control studies of patients with hypertension50–53 

or LVH,54 four involved athletes,59–62 and four included 

healthy volunteers.55–58 All studies combined included 

10,320 participants of Asian25,27,30,33,36,37,39,46,47,49,54,58 

(n � 1806; 17.5%), African27 (n � 16; 0.1%) or 

Figure 1. Flow chart of studies included in this analysis. Numbers of studies are given between parentheses. HCM, hypertrophic 
cardiomyopathy; MI, myocardial infarction;  AS, aortic valve stenosis; FLEMENGHO, FLEMish study on ENvironment, Genes and 
Health Outcome.
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Caucasian16,21–24,26–29,31,32,34,35,38,40–42,44,45,48,50–53,55–57,59–63 

(n � 8498; 82.4%) ethnicity. With respect to blood pressure, 

21 studies included only hypertensive patients,27–32,34–42,44–49 

13 only normotensive subjects,21,23,52–62 and nine both nor-

motensive and hypertensive participants16,22,24–26,33,43,50,51 

(Table S1 in the supplementary material).

Prevalence of the D allele

The overall prevalence of the D allele was 52.3%. The 

DD, DI and II genotypic frequencies were 28.2%, 

48.1% and 23.7%, respectively. The null hypothesis 

of Hardy–Weinberg equilibrium was rejected in 11 

studies.24,25,27,37,39,42,44,45,49,56,62 In all studies combined, the 

allele frequency showed no obvious deviation from the 

Hardy–Weinberg equilibrium. The prevalence of the D 

allele was significantly lower (p � 0.001) in Asians (38.9%) 

than in Caucasians (55.0%).

Association with left ventricular structure in 
continuous analyses

Across studies, LVM was computed based on echo-

cardiographic measurements following the criteria of 

the American Society of Echocardiography in 15 

studies16,21,23,24,28,38,42,49–51,55,56,59,60,62 and the Penn convention 

in 23 studies.22,25,27,29–33,35–37,39–41,43–48,53,58,61 There was sig-

nificant heterogeneity (Q � 86.1, p � 0.001) among the 38 

studies (42 groups, 8979 subjects) that reported on LVM or 

LVMI. Compared with II homozygotes (n � 2229), both 

DD homozygotes (n � 2440) and DI heterozygotes (n � 

4310) had higher ( p≤0.002) LVM or LVMI (table 1). Along 

similar lines, across 21 studies (n � 4392), DD homozy-

gotes (n � 1180) and DI heterozygotes (n � 2062) had 

higher MWT ( p≤0.034) than II homozygotes (n � 1150). In 

contrast, 21 studies combined (n � 5233), there was no 

association between LVID and the ACE D/I genotypes 

(p≥0.26). The standardised differences (DD versus II) were 

0.39 (95% CI 0.20 to 0.59, p � 0.001) for LVM or LVMI, 

0.34 (95% CI 0.085 to 0.59, p � 0.009) for MWT and 0.066 

(95% CI −0.049 to 0.18, p � 0.26) for LVID.

In sensitivity analyses, we considered LVM or LVMI and the 

contrast between DD and II homozygotes. We first omitted one 

study at a time and recalculated the pooled association size for 

the remaining studies (Figure S1, panel A in the supplementary 

material). We did not identify any study that moved the point 

estimate outside the confidence interval for the overall estimate 

with all available studies. Table 2 summarises the sensitivity 

analyses according to ethnicity (Asians25,30,33,36,37,39,46,47,49,58 and 

Caucasians16,21–24,28,29,31,32,35,38,40–45,48,50,51,53,55,56,59–62), gender 

(women16,21,22,25,30,42,50,56,59 and men16,21,22,25,30,42,50,56,59), normo-

tension21,23,50,51,53,55,56,58–62 versus hypertension,27–32,35–42,44–51 

treatment status for hypertension,31,32,36,40,46,48 genotyping 

methods (plain DNA amplification23,25,29–32,36,37,39,46,48,56,62 

Table 1. Pooled estimates of the associations of LV structure and the ACE D/I polymorphisms

Phenotype Polymorphism Number 
of studies 

Number of 
subjects 

Standardised difference p ph pe

LVMI (LVM) DD vs II 38 2440 vs 2229 0.39 (0.2 to 0.59) �0.001 �0.001 0.001
DI vs II 38 4310 vs 2229 0.11 (0.04 to 0.18) 0.002 �0.001
DD+DI vs II 38 6750 vs 2229 0.24 (0.12 to 0.36) �0.001 �0.001

LVID DD vs II 21 1402 vs 1328 0.066 (−0.049 to 0.18) 0.26 0.003 0.97
DI vs II 21 2503 vs 1328 0.022 (−0.056 to 0.10) 0.58 0.24
DD+DI vs II 21 3905 vs 1328 0.032 (−0.034 to 0.10) 0.34 0.15

MWT DD vs II 21 1180 vs 1150 0.34 (0.085 to 0.59) 0.009 �0.001 0.020
DI vs II 21 2062 vs 1150 0.19 (0.014 to 0.36) 0.034 �0.001
DD+DI vs II 21 3242 vs 1150 0.25 (0.052 to 0.44) 0.013 �0.001

IVS DD vs II 20  955 vs 1026 0.32 (0.097 to 0.054) 0.005 �0.001 0.003
DI vs II 20 1727 vs 1026 0.16 (0.024 to 0.30) 0.021 �0.001
DD+DI vs II 20 2682 vs 1026 0.23 (0.072 to 0.38) 0.004 �0.001

PWT DD vs II 20  955 vs 1026 0.14 (−0.026 to 0.30) 0.10 �0.001 0.22
DI vs II 20 1727 vs 1026 0.057 (−0.020 to 0.13) 0.15 0.020
DD+DI vs II 20 2682 vs 1026 0.10 (−0.023 to 0.23) 0.11 �0.00 

LVMI, left ventricular mass index; LVM, left ventricular mass; LVID, left ventricular end-diastolic diameter; MWT, mean wall thickness; IVS, thickness of 
the interventricular septum; PWT, thickness of the posterior wall.
Pooled standardised differences (95% confidence interval) were obtained from a random-effects model. p-values indicate the statistical significance of 
the pooled estimate (p), the Q-statistic for heterogeneity (ph) and Egger’s statistic for publication bias (pe).
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versus other methods16,21,22,24,27,28,33,35,38,40–45,47,49–51,53,55,58–61) 

and imaging methods (ASE criteria16,21,23,24,28,38,42,49–51,55,56,59,60,62 

versus Penn convention22,25,27,29–33,35–37,39–41,43–48,53,58,61), 

impact factor of the journal (�1,30,31,33,36,41,45,47,51,53,55,56,62 

1–3,23,27,35,37–40,43,44,48,58,60 � 3,16,21,22,24,25,28,29,32,42,46,49,50,59,61), 

study size (�� 108 [median]21,27–29,31,36,38,40,44–46,48,49,51,53,56,59–62 

versus �108,16,22–25,30,32,33,35,37,39,41,47,50,51,55,58,63) and year of 

publication (�2000 [median]21–23,25,27–33,35,36,46,48–50,59 versus �
�2000,16,24,37–42,44,45,47,51,53,55,56,58,60–63). These sensitivity analy-

ses showed consistency. In all strata, with the exception of 

women, DD homozygotes had greater LVM or LVMI than II 

homozygotes.

The funnel plots searching for publication bias among 

the reviewed studies on LVM or LVMI revealed a deficit 

of small studies with negative results (figure 2, panel A). 

This visual impression was confirmed by Egger’s test 

(p � 0.001).

Association with left ventricular hypertrophy as a 
categorical variable

The association between LVH and the ACE D/I genotype 

was addressed in 16 studies (17 groups, 4894 subjects). 

LVM was varyingly indexed to BSA in 12 stud-

ies26,28,29,34,36–38,40,41,45,50,52 (n � 2125), to height in two stud-

ies21,22 (n � 2525), or to height2 in one study27 (n � 64). In 

women, the cut-off points for LVH by using LVM indexed 

to BSA ranged from 10426 to 11028,29,34,37,40,41,45,50 g/m2, 

while in men they ranged from 11136 to 14321,22 g/m2.

Across 16 available studies (Table 3, Figure S2 in  supple-

mentary material), using II homozygotes as reference, the 

pooled odds ratio of LVH associated with the DD genotype 

(1.11, 95% CI 0.91 to 1.36, p � 0.29) or the DI genotype (1.02, 

95% CI 0.75 to 1.39, p � 0.88) did not reach statistical sig-

nificance. Compared with the I allele, the pooled risk of 

Table 2. Sensitivity analyses for LVM or LVMI in DD versus II homozygotes

Factor studied Number Pooled estimates

Studies Subjects Standardised difference 
(95% confidence interval)

p

Ethnicity
Caucasians 27 7296 0.44 (0.17 to 0.77) 0.001
Asians 10 1619 0.31 (0.099 to 0.52) 0.004

Gender
Women  9 2535 0.07 (−0.05 to 0.18) 0.24
Men  9 2397 0.50 (0.07 to 0.92) 0.023

Blood pressure status
Normotension 12 1345 0.81 (0.15 to 1.48) 0.017
Hypertension 22 3258 0.24 (0.11 to 0.37) �0.001
Never treated  6  526 0.36 (0.07 to 0.65) 0.015

Genotyping methods
Plain 13 1808 0.47 (0.16 to 0.77) 0.003
Primers 25 7171 0.37 (0.11 to 0.62) 0.005

Imaging methods
ASE criteria 15 3421 0.29 (0.057 to 0.53) 0.015
Penn convention 23 5558 0.50 (0.18 to 0.81) 0.022

Study size
�108 19 1523 0.63 (0.21 to 1.04) 0.003
�108 19 7456 0.21 (0.07 to 0.34) 0.002

Impact factor
�1 12 1735 0.75 (0.14 to 1.36) 0.016
1–3 12 1585 0.15 (0.014 to 0.29) 0.032
�3 14 5659 0.29 (0.11 to 0.48) 0.002

Year of publication
�2000 18 5407 0.24 (0.11 to 0.38) �0.001
�2000 20 3572 0.53 (0.15 to 0.91) 0.006

ASE,  American Society of Echocardiography. Pooled standardised difference and the lower and upper limits (LL and UL) of the 95% confidence interval 
were obtained using a random-effects model.
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LVH associated with the D allele was 1.05 (95% CI 0.90 to 

1.22, p � 0.52).

Sensitivity analyses for echocardiographic LVH and the 

contrast between DD and II homozygotes appear in figure 

S1 and table 4. As before, we omitted one study at a time 

and recalculated the pooled odds for the remaining studies 

(Figure S1, panel B in the supplementary material). We did 

not identify any study that moved the odds ratio outside the 

confidence interval for the overall odds with all available 

studies. We stratified according to ethnicity (Asians36,37,54 

and Caucasians21,22,26,28,29,34,38,40,41,45,50,52), presence of 

hypertension,27–29,34,36–38,40,41,45,50 treatment status for hyper-

tension,34,36,40 genotyping methods (plain DNA amplifica-

tion26,29,36,37,54 versus other methods21,22,27,28,34,38,40,41,45,50,52) 

and imaging methods (ASE criteria21,26,28,38,50,52 versus 

Penn convention22,27,29,34,36,37,40,41,45), impact factor of the 

journal (�1,36,41,45 1–3,26,27,37,38,40,52,54 � 3,21,22,28,29,34,50), 

study size (�106 [median]21,27–29,36,38,40,45,52 versus 

�106,22,26,34,37,41,50,54) and year of publication (�1999 

[median]21,22,26–29,50 versus �1999,34,36–38,40,41,45,52,54). 

These analyses did not reveal any significant associa-

tion between the odds of LVH and the ACE D/I poly-

morphism with the exception of the odds ratios in 

never treated patients with hypertension (2.29; 95% 

CI, 1.05 to 4.99)34,36,40 and in articles published in jour-

nals with an impact factor of 3 or more (1.46; 95% CI, 

1.00 to 2.14; p � 0.053).21,22,28,29,34,50

The funnel plots searching for publication bias among 

the reviewed studies on LVH did not reveal a deficit of 

small negative studies (figure 2, panel B). This visual 

impression was confirmed by Egger’s test (p � 0.66).

Figure 2. Funnel plots for the mean standardised difference in 
LVMI or LVM (A) and for the odds ratio of LVH (B). Sample size on 
a logarithmic scale is plotted along the horizontal axis. The dotted 
line indicates the point estimate for all studies combined. The full 
line indicates no difference between DD and II homozygotes. 
In panel A, the lack of small studies with a negative association 
indicates publication bias (Egger’s statistics, p � 0.001). In panel B, 
there is no indication for publication bias (Egger’s statistics, p � 0.66).

Table 3. Association between LVH and the ACE D/I polymorphism 

Study Definition of L VH Number with/without L VH Odds ratio (95% confidence interval)

Index Cut-off (W/M) DD DI II DD vs II DI vs II

Kupari, 199421 LVM/H �102/143 g/m   3/23   4/31   4/21 0.68 (0.14 to 3.42) 0.68 (0.15 to 3.01)
Wong, 199526 LVM/BSA �104/129 g/m2  22/16  36/44  22/10 0.63 (0.23 to 1.68) 0.37 (0.16 to 0.89)
Gharavi, 199627 LVM/H2 �58/78 g/h2  10/20  11/11   4/8 1.00 (0.24 to 4.13) 2.00 (0.46 to 8.63)
Lindpaintner, 199622 LVM/H �102/143 g/m 113/610 169/1074  74/399 0.99 (0.73 to 1.37) 0.85 (0.63 to 1.14)
Pontremoli, 199628 LVM/BSA �110/134 g/m2  21/8  44/9   8/16 5.25 (1.62 to 17.0) 9.78 (3.22 to 29.70)
Clarkson, 199729 LVM/BSA �110/134 g/m2  11/14  18/29  10/18 1.41 (0.47 to 4.27) 1.12 (0.42 to 2.95)
Kauma, 199850 LVM/BSA �110/134 g/m2  80/175 117/311  45/128 1.30 (0.85 to 1.98) 1.22 (0.86 to 1.71)
Perticone, 1998 34 LVM/BSA �110/125 g/m2  52/35  39/56   5/13 3.86 (1.26 to 11.80) 1.81 (0.60 to 5.49)
Ueno, 199936 LVM/BSA �106/111 g/m2   9/4  16/21  18/19 2.37 (0.62 to 9.09) 0.80 (0.32 to 2.01)
Gomez-Angelats, 200040 LVM/BSA �110/130 g/m2  13/4  25/14  13/2 0.50 (0.078 to 3.22) 0.27 (0.054 to 1.40)
Jeng, 200037 LVM/BSA �110/125 g/m2  16/25  29/40  30/35 0.75 (0.34 to 1.65) 0.85 (0.43 to 1.67)
López-Contreras, 200038 LVM/BSA �—/134 g/m2  13/26  15/38   4/6 0.75 (0.18 to 3.13) 1.25 (0.30 to 5.27)
Shlyakhto, 200141 LVM/BSA �110/134 g/m2  13/13  38/36  17/18 1.06 (0.38 to 2.92) 1.12 (0.50 to 2.50)
Rizzo, 200352 LVM/BSA �—/132 g/mq   9/13   6/26   9/12 0.92 (0.27 to 3.10) 0.31 (0.089 to 1.06)
Saeed, 200554 IVS/PWT �1.2 cm/�1.3 cm  14/71  33/51   3/8 0.53 (0.12 to 2.23) 1.73 (0.43 to 6.98)
Olcay, 200645 LVM/BSA �110/134 g/m2  31/10  22/6  14/5 1.11 (0.32 to 3.84) 1.31 (0.34 to 5.12)
All studies (n � 16) — — 430/1067 622/1777 280/718 1.11 (0.91 to 1.36) 1.02 (0.75 to 1.39)

W/M, Women/Men; LVM, left ventricular mass; BSA, body surface area; H, body height; IVS, thickness of the interventricular septum; PWT, thickness of 
the posterior wall.
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Discussion

The key finding of our meta-analysis was that in continu-

ous analyses involving 38 studies and 8979 subjects, echo-

cardiographic LVM or LVMI were higher in the presence of 

the ACE D allele. This increase was proportional to the 

number of D alleles and it was due to increased MWT with-

out contribution of LVID. Sensitivity analyses showed that 

the association of LVM or LVMI with the ACE D/I poly-

morphism was consistent in Asians and Caucasians and did 

not depend on blood pressure status, genotyping or imaging 

methods, study size, journal impact factor, or year of publi-

cation. In categorical analyses, the risk of LVH was not sig-

nificantly associated with the ACE D/I polymorphisms. 

However, a binary phenotype carries less information than 

a continuous trait, and only 16 studies, including 4894 sub-

jects, reported on LVH. Moreover, criteria to diagnose LVH 

were different across studies. These factors probably 

decreased the statistical power to demonstrate association 

between the binary trait and the ACE D/I polymorphism in 

all studies combined. Of note, in never-treated hypertensive 

patients, in keeping with our previous results in untreated 

patients,10 the association was significant. It also approached 

significance across 6 articles published in journals with an 

impact factor of 3 or more.

The D/I polymorphism is a 287-bp sequence of DNA in 

intron 16 of the ACE gene.7 In adults plasma ACE does not 

change with age and is only to a minor extent influenced by 

environmental or lifestyle factors.64 Compared with II 

homozygotes, circulating ACE levels in plasma were nearly 

30% and 60% higher in DI heterozygotes and DD homozy-

gotes, respectively.7 Moreover, DD homozygotes also have 

higher tissue levels of ACE. In T lymphocytes of 35 healthy 

volunteers, the mean ACE levels were 487 μU/mg protein 

(�76%), 362 μU/mg protein (�31%) and 277 μU/mg pro-

tein (reference) in carriers of the DD, DI and II genotypes, 

respectively.9 Among 71 patients who died from non- 

cardiac disorders, cardiac ACE activity was higher (p � 

0.01) in subjects with the ACE DD genotype (12.7 mU/g 

wet wt) compared with subjects with the DI (8.7 mU/g) and 

the II (9.1 mU/g) genotypes. Because the D/I polymor-

phism is intronic, alleles in linkage disequilibrium with it 

Table 4. Sensitivity analyses for LVH in DD versus II homozygotes

Factor studied Number Pooled estimates

Studies Subjects Odds ratio 
(95% confidence interval)

p

Ethnicity
Caucasians 12 4388 1.15 (0.92 to 1.42) 0.21
Asians  3  422 0.89 (0.48 to 1.66) 0.72

Blood pressure status
Hypertension 11 1538 1.32 (1.07 to 1.88) 0.12
Never treated  3  358 2.29 (1.05 to 4.99) 0.037

Genotyping methods
Plain  5  692 1.12 (0.56 to 1.44) 0.65
Primers 11 4202 1.17 (0.93 to 1.46) 0.17

Imaging methods
ASE criteria  7 1355 1.22 (0.86 to 1.72) 0.26
Penn convention  9 3359 1.08 (0.85 to 1.39) 0.53

Study size
�106  8  653 1.07 (0.66 to 1.72) 0.79
�106  8 4241 1.12 (0.90 to 1.40) 0.30

Impact factor
�1  3  310 1.32 (0.67 to 2.61) 0.42
1–3  7  797 0.72 (0.46 to 1.13) 0.15
�3  6 3787 1.46 (1.00 to 2.14) 0.053

Year of publication
�1999  7 3801 1.12 (0.89 to 1.42) 0.33
�1999  9 1093 1.09 (0.72 to 1.63) 0.69

ASE, American Society of Echocardiography. Pooled standardised difference and the lower and upper limits (LL and UL) of the 95% confidence 
interval were obtained using a random-effects model.
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and located within or near the ACE gene might explain the 

functionality of the polymorphism.8,65 However, introns are 

also involved in gene expression. For instance, Jonsson 

showed that expression of the human purine nucleoside 

phosphorylase gene (PNP) at the mRNA and protein level 

is dependent on the presence of intronic sequences and the 

level of PNP expression varied directly with the number of 

transfected introns.66

ACE is playing a key role in renin–angiotensin system 

by catalysing the conversion of angiotensin I into angioten-

sin II, as well as by inhibiting the breakdown of bradykinin 

into inactive fragments. Angiotensin II is not only a potent 

vasoconstrictor, but also a direct growth factor. It has tro-

phic properties, stimulates the growth of cardiomyocytes, 

and its effect on cardiac mass is partly independent of 

the effects on blood pressure.67 Two meta-analyses68,69 of 

cli nical studies, one of which included non-randomised 

studies,69 suggested that ACE inhibitors were more effec-

tive than beta-blockers and diuretics in regressing cardiac 

hypertrophy. Another meta-analysis of 80 randomised 

double-blind clinical trials in hypertensive patients70 accounted 

for treatment duration and change in blood pressure. On 

treatment, LVM decreased by 13% (CI 8% to 18%) with 

angiotensin II receptor antagonists (ARBs), by 11% (9% to 

13%) with calcium antagonists, by 10% (8% to 12%) with 

ACE inhibitors, by 8% (5% to 10%) with diuretics, and by 

6% (3% to 8%) with beta-blockers.70 In the Losartan 

Intervention For Endpoint reduction in hypertension (LIFE) 

trial,71 losartan-based antihypertensive therapy resulted in 

greater regression of electrocardiographic LVH by Cornell 

voltage-duration product (−200 versus −69 mm × ms) and 

Sokolow–Lyon voltage (−2.5 versus −0.7 mm) criteria than 

did atenolol-based therapy. Fagard’s recent meta-analysis, 

which was exclusively based on prospective randomised 

studies confirmed that beta-blockers induce less regression 

of LVM than the other of antihypertensive drugs.72 The 

interpretation of these meta-analyses68–70 and the LIFE 

trial71 in the light of our current findings is difficult, because 

their results only account for randomised first-line therapy, 

but not for add-on treatment. ACE inhibitors and ARBs 

inhibit the renin system, but beta-blockers do as well, by 

reducing the renal secretion of renin, thereby decreasing 

circulating renin activity. Diuretics and to a lesser extent 

calcium channel blockers stimulate the renin system. To 

what extent the intrinsic renin–angiotensin system of the 

heart and blood pressure lowering per se73 might play a role 

remains to be elucidated.

Most studies failed to find a significant association 

between the ACE D/I polymorphism and blood pressure.74 

It is therefore unlikely that the association of LVM or LVMI 

with the ACE D/I polymorphism is mediated through blood 

pressure, although we cannot exclude that D allele carriers 

might be responsive to the blood pressure load on the left 

ventricle. Pharmacogenetic studies in patients did not 

produce consistent results. All studies were retrospective 

and non-randomised.38,46,47,49 Two observed greater regres-

sion of LVMI on ACE inhibitors in DD compared with II 

homozygous hypertensive patients,46,47 whereas one pro-

duced opposite results,49 another one produced null 

results.38 An autopsy study of 693 consecutive patients, 

who died from non-cardiac disorders75 demonstrated that 

heart weight indexed to BSA was greater in the DD homo-

zygotes compared to both other ACE genotypes.

At usual or high levels of angiotensin I, the rate of angio-

tensin II generation depends on the substrate concentra-

tion.76,77 Renin is therefore usually viewed as the 

rate-limiting enzyme in the biochemical cascade leading to 

angiotensin II.78 In humans, angiotensin II may also be pro-

duced by enzymes other than ACE, such as chymase in the 

heart.79 Two small studies80,81 reported higher angiotensin I 

conversion rates in DD compared to II carriers, whereas 

two other studies did not find significant differences in the 

conversion rates between the ACE D/I genotypes.82,83 In a 

large epidemiological study, plasma levels of (pro)renin, 

angiotensinogen and aldosterone did not differ according to 

the ACE D/I genotypes.82

The present results have to be interpreted within the con-

text of their limitations. First, we found publication bias for 

studies reporting on the association of LVM or LVMI with 

the ACE genotype. This, in turn, may have led to some 

degree of overestimation of the pooled association of LVM 

or LVMI with the ACE D/I polymorphism. Second, there 

was heterogeneity between studies. We addressed this issue 

by computing pooled estimates from a random effects 

model. Moreover, sensitivity analyses were confirmatory 

with the exception of the non-significant association of 

LVM or LVMI with the ACE genotype in women. However, 

only nine studies differentiated between women and men. 

Third, LVM is a continuous variable under the influence of 

many environmental factors and lifestyle. Adjustments for 

these confounders were inconsistent across studies, but the 

comparison between ACE genotypes within individual 

studies was adjusted for the same determinants of LVM.

In conclusion, our findings support the hypothesis that 

enhanced ACE activity associated with the D allele might 

increase LV mass independent of blood pressure. Smaller 

sample size might explain the lack of significant associa-

tion with LVH. Whether the association of LVM with innate 

ACE activity has any implications in the treatment of 

hypertension or preventing or regressing LVH remains to 

be elucidated. The issue can only be resolved by a double-

blind clinical trial, in which patients are first stratified by 

ACE genotype and subsequently randomised to ACE inhib-

itors or a reference drug that stimulates the renin system. 

Finally, published reports should account for changes in 

LVM that result from true change in wall thickness as 

opposed to changes in LVM that computationally result 

from changes in LVID.
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